Abstract A procedure is presented for using the bivariate normal distribution to describe the joint distribution of storm peaks (maximum rainfall intensities) and amounts which are mutually correlated. The Box-Cox transformation method is used to normalize original marginal distributions of storm peaks and amounts regardless of the original forms of these distributions. The transformation parameter is estimated using the maximum likelihood method. The joint cumulative distribution function, the conditional cumulative distribution function, and the associated return periods can be readily obtained based on the bivariate normal distribution. The method is tested and validated using two rainfall data sets from two meteorological stations that are located in different climatic regions of Japan. The theoretical distributions show a good fit to observed ones.
INTRODUCTION
During the monsoon season in Japan, standing rainy fronts and hurricanes or typhoons cause the annual maximum storm both in storm peak (maximum rainfall intensity) and total amount. This storm leads to a great amount of damage. In fact, the severity of the storm is a function of both storm peak and total amount. In the past, storm frequency analysis has often concentrated on storm peak analysis. This single variable storm frequency analysis provides a limited assessment of storm events. Many hydrological engineering planning, design, and management problems require the knowledge of complete information concerning the storm event, i.e. the joint distribution as well as the conditional distribution of these two correlated variables. Limited meaningful Now at: Atmospheric Environment Branch, Environment Canada, Ontario Region, 75 Farquhar Street, Guelph, Ontario N1H 3N4, Canada.
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attempts have been made on the joint distribution with regard to a rainfall event (see for example Hashino, 1985; Singh & Singh, 1991; Bacchi et al, 1994) . Hashino (1985) generalized the Freund bivariate exponential distribution (Freund, 1961) and used it to represent the joint probability distribution of rainfall intensities and the corresponding maximum storm surges in the Osaka Bay, Japan. Singh & Singh (1991) derived a bivariate probability density function with exponential marginals and used it to describe the joint distribution of rainfall intensities and the corresponding depths. Bacchi et al., (1994) proposed another bivariate exponential model with exponential marginals and applied it to analyse the joint distribution of rainfall intensities and durations.
In practice, storm peak and amount may respectively have different distribution types. The theory of a multivariate distribution of correlated random variables with different marginals is still unavailable to solve practical problems. An alternative circumventing this difficulty is to use the multivariate normal distribution to describe the joint probability distribution of correlated random variables. This method firstly normalizes the different marginal distributions using a transformation technique. Then one only needs to deal with joint distribution of the normalized variables using the multivariate normal distribution. A few efforts have been made on the bivariate normal distribution used in hydrological frequency analysis (see for example Sackl & Bergmann, 1987; Goel et al., 1998; Loganathan et al., 1987) . Sackl & Bergmann (1987) and Goel et al. (1998) used the bivariate normal distribution to represent the joint distribution of flood peaks and volumes. Loganathan et al. (1987) applied the bivariate normal distribution to describe the joint occurrence probability of streamflows and tides in estuaries.
This study is a continuation of the previous works on the bivariate normal distribution used in hydrological frequency analysis. Interest is focused on using the bivariate normal distribution to represent the joint probability distribution of storm peaks and storm amounts, which has not been executed yet. The sample data of storm peak and amount are firstly transformed to near the normal distributions with different parameters using the Box-Cox transformation (Box & Cox, 1964) ; then the bivariate normal distribution is used to represent the joint distribution of storm peaks and amounts. The joint cumulative distribution function (cdf), the conditional cumulative distribution function (ccdf), and the associate return periods are readily attainable. Finally, the method is verified using observed rainfall data from two meteorological stations which are located in two different climatic regions of Japan.
BOX-COX TRANSFORMATION
The Box-Cox transformation, or the power transformation (Box & Cox, 1964 ) is applied to normalize the sample data. It is defined as:
where x t is the original sample data, y X j is the transformed sample data, and À, is the transformation parameter.
If the transformed sample y X t follows the normal distribution N(\i, a 2 ) (|a: mean; CT: standard deviation), x t has to have probability density function:
The log likelihood function is represented as follows:
By using the following expressions:
If the variance o 2 ofyxi can be rewritten as:
Thus the log likelihood function becomes:
Therefore, the maximum likelihood estimation problem reduces to the minimization with respect to A, of:
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The parameter X will be readily reached using an optimization method such as the Simplex method (Nelder & Mead, 1965) . The value of the original variable x,-can be readily obtained using the following back transformations:
If two correlated continuous random variables X and Y are normally distributed with different parameters (mean and standard deviation) as follows:
then the joint distribution of these two variables can be represented by the bivariate normal distribution. The bivariate probability density function (pdf) is:
where (i* and a A -, \i y and Oy are respectively the mean and standard deviation of X and Y, and are estimated using the method of moments (MM); p is the product-moment correlation coefficient of X and Y, and is computed by:
The conditional pdfs ofXgiven Y = y and 7givenX=x are given as follows (Hogg & Craig, 1978) :
Thus, the conditional distributions of X and Y are also normally distributed with different means and standard deviations. The return periods exceeding some values of the variables X and Y are presented as follows:
Similarly, the joint return period T XÔ , of two variables X and y, the conditional return period T x \y of X given y, and the conditional return period T y \x of Y given X are respectively given as follows:
where F(-) is the cumulative distribution function (cdf). As the cdf of the normal distribution is not attainable, it was computed by numerically integrating the corresponding pdf f(-).
APPLICATION
In order to verify the applicability of the above methodology, two rainfall data sets from two different climatic regions of Japan were used. One was from the Tokushima meteorological observation station (Tokushima prefecture) in the Pacific seaboard climatic region of Japan, the other from the Niigata meteorological observation station (Niigata prefecture) in the opposite coastal climatic region of Japan. The application results of the data set at the Tokushima observation station are mainly presented in the following sections, owing to space limitations.
Definition of a storm sequence
In most regions in Japan, each year standing rainy fronts and typhoons cause the heaviest storms both in storm peak (maximum rainfall intensity) and total amount Sheng Vue during the monsoon season. This type of rain continues to fall over several days. Thus it is considered to be a storm event. Because recorded rainfall data is usually given as daily rainfalls, one storm can be represented by a sequence of continuous daily rainfalls, as shown in Fig. 1 . Let the storm peak / (mm day" 1 ) be the maximum daily rainfall in a year and the corresponding amount A (mm) of total rainfall be given by:
^ = 2>«
( 15) where u, is the daily rainfall amount (mm day" ) and D is the storm duration (day).
Based on 103-year daily rainfall data from 1892 to 1996 (except the years 1896 and 1965) observed at the Tokushima meteorological observation station, the maximum daily rainfall (storm peak) for each year was first selected; then the corresponding storm amount was computed using equation (15) . The correlation coefficient between storm peaks and amounts was estimated using equation (12) and is equal to 0.666.
Marginal distributions of storm peaks and amounts
Normalization of the sample data The transformation parameters (k) for storm peaks and amounts were estimated using the above method (equation (8)) and are presented in Table 1 . Then the original sample data were transformed using equation (la); the statistics (mean //, standard deviation o, coefficient of skewness C s , coefficient of kurtosis C*) of the transformed data are also listed in Table 1 . For comparison, the statistics of the original sample data are given in Table 2 . From Table  1 it can be seen that the coefficients of skewness are close to zero and the coefficients of kurtosis near to three. The correlation coefficient between the transformed storm peaks and amounts was computed using equation (12) and is 0.772. Goodness-of-fit tests The non-exceedance probability was estimated using the Weibull formula (Weibull, 1939; Chow, 1953) : 
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where P k is the cumulative frequency, the probability that a given value is less than the Mi smallest observation in the data set of A^ observations.
For testing the goodness of fit of the normal distribution, the chi-square test was executed using the computer package HYFRAN (Bobée & Ashkar, 1991) . The test indicates that both the transformed storm peaks and amounts can be approximately represented by normal distributions. The observed data and fitted normal distributions are represented in Fig. 2(a) and (b) , on normal paper.
Statistics of the joint distribution of storm peaks (I) and amounts (A)
Validity of the proposed model The relationship between observed and theoretical joint probabilities of storm peaks and amounts is presented in Fig. 3 . The correlation coefficient between the observed and the theoretical values is 0.998. These results indicate a good agreement between observed and theoretical probabilities. It is therefore concluded that the model is suitable for representing the joint distribution of storm peaks and amounts.
Observed joint non-exceedance probability Fig. 3 Comparison of observed and theoretical probabilities of storm peaks and amounts (Tokushima).
Joint pdf and cdf of / and A The joint pdf of storm peaks and amounts was computed based on equation (11) and the joint cdf was estimated by numerically integrating the joint pdf; these are respectively presented in Fig. 4(a) and (b) . The joint return period T iA is of interest for design purposes. Figure 4 (c) and (d) illustrates the joint cdf and the corresponding return period T i:(l given the value of the storm peak (I).
Conditional return periods
The conditional return period Ti\ a of storm peaks I given storm amount A was estimated using equation (14d), and is shown in Fig. 5(a) . Similarly, the conditional return period T"\i oîA given lis presented in Fig. 5(b) . Figures 4-5 indicate that the proposed method can contribute meaningfully in solving several problems of hydrological engineering design and management, for which single variable storm frequency analysis cannot provide answers. For example, given a storm event return period, it is possible to obtain various occurrence combinations of storm peaks and amounts, and vice versa. The proposed method also allows one to obtain information concerning the occurrence probabilities of storm amounts under the condition that a given storm peak occurs, and vice versa.
Application results at the Niigata meteorological station
The 94-year rainfall data from 1897 to 1990 at the Niigata meteorological station were analysed using the same procedures as above. The statistics of the transformed and original data samples are presented in Tables 3 and 4 , respectively. The correlation coefficients between the original storm peaks and amounts and between the transformed storm peaks and amounts are 0.670 and 0.626, respectively. Figure 6 illustrates Observed joint non-exceedance probability that theoretical joint probabilities correspond well with the observed ones. The correlation coefficient between the observed joint probabilities and the theoretical ones is 0.997. These results further confirm the suitability of the approach to modelling the joint behaviours of the storm peaks and amounts. The joint pdf, joint cdf, and return period can be computed in the same manner as in the previous sections.
CONCLUSIONS
The procedure is presented for using the bivariate normal distribution to analyse the joint distribution of two correlated random variables: storm peaks (maximum intensities) and amounts. The Box-Cox transformation method has been used to transform the original data to near the normal distribution and the transformation parameter is estimated using the maximum likelihood method. Based on this model, one can readily obtain the joint probability distribution, the conditional distributions and the associated return periods of storm peaks and amounts.
The method has been tested and validated using two observed rainfall data sets from two different climatic regions of Japan. Good agreements were observed between the theoretical and observed distributions. The results indicate that the proposed method provides additional information which cannot be obtained by single variable storm frequency analysis, such as the joint return periods of the combinations of storm peaks and amounts, and the conditional return periods of one variable given the other. These results also indicate that the proposed model can contribute meaningfully in solving several problems of hydrological engineering design and management. For example, given a storm event return period, it is possible to obtain various occurrence combinations of storm peaks and amounts, and vice versa. These various scenarios can be of great usefulness in the analysis and assessment of the risk associated with several hydrological problems.
